INTRODUCTION
Phenolic acids have been found in tobacco leaf and smoke (1) (2) (3) (4) . Except for the work of Yang and Wender (5), who used paper duomatography to separate some of these acids, little work appears to have been done on the isolation and identification of individual phenolic acids of leaf. Our interest in leaf phenolic acids arises from their possible role as precursors of the tumorigenic catedtols and phenols of tobacco smoke. Also, the phenolic acids of smoke appear to be concentrated in a weak acid fraction of smoke condensate, and may contribute to this fraction's known biological activity (6) . We have developed a relatively simple gel chromatographic method for isolating the phenolic acids from tobacco leaf. This purification method has allowed a more complete identification of these important leaf compounds.
EXPERIMENTAL

Extraction of Tobacco Leaf
NC 2326 flue-cured tobacco was ground to pass a 32 mesh screen. The ground tobacco (200 g dry weight) was extracted with 2.5 liters of 1.0 N NaOH for 5 min in a Waring Blendor**. The resulting mixture was filtered through #2 Whatman fUter paper by vacuum and the residue was washed with 50q ml of Hp. The total filtrate was filtered a second time and then extracted with 600 m! of ethyl acetate (EtOAc) to remove non-acidic substances. The filtrate was then acidified to pH 1.0 (6 N HCI), satu- rated with NaCI, and extracted with EtOAc (3 X 600 ml). 1be EtOAc solution was dried over anhydrous MgSO., filtered, and evaporated to yield 6.9 g of a leaf acid extract, representing a 3.4 'lo yield. 1be acids extract was dissolved in 25 ml of methanol (MeOH) I dlloroform (CHCl~) [1:1 (v/v)] in preparation fo"r gel chromatography.
Gel Chromatography
The gel column was a 1.25 cm inside diameter X 55 cm LC-type column (Laboratory Data Control, Riviera Beach, Florida) packed with Sephadex LH-20 in CHCl~. Solvent flow was 2 ml!min -a.nd 5 ml gel fractions (GP) were collected. One ml aliquots of the acids extract were introduced onto the column with a loop injection valve.
To determine the elution characteristics of standard compounds, we used the following solvent system: CHCI 3 up to GF-39, solvent then programmed from CHCl 3 to 100/o MeOH I CHCl 3 from GF-40 to 55, and subsequently held at 10°lo MeOHICHCl~. For the tobacco acids extract separation, the end of the solvent program was modified to hasten the elution of the dihydroxy aromatic adds and 10°/o Me0H/CHC1 3 was increased to 40'lo MeOHI CHCl 3 from GF-100 to 115 and then kept at 40'lo MeOH I CHCl 3 • Eluted materials were monitored at 280 nm and the gel fractions were pooled into Fractions A, B, C, D, and E {Fig. 3).
Gas Chromatography (GC)
Individual fractions A toE were concentrated on a rotary evaporator under reduced pressure to a small volume (about 250 11l 
Synthesis of Dihydroxycinnamaldehydes
The four isomeric dihydroxycinnamaldehydes (2,3-, 2,4-, 2,5-, and 3,4-) were synthesized from formylmethyltriphenylphosphorane (prepared from chloroacetaldehyde and triphenylphosphine according to Trippett and W alker (7) ) and the corresponding dihydroxybenzaldehyde in tetrahydrofuran (8) Fig. 1 . Acids with internal hydrogen bonding (such as ferulic and salicylic acids) eluted earlier than p-coumaric and p-hydroxybenzoic acids. Dihydroxybenzoic acids eluted much later. Interestingly, cinnamic acids eluted earlier than the benzoic acids (caffeic before dihydroxybenzoic acid). Other phenolic or acidic compounds, containing two or more hydroxyl groups, were also found to elute in the same gel fractions as the phenolic acids. These included dihydroxybenzaldehydes and di-and tricarboxylic aliphatic acids. We successfully applied these properties of LH-20 to isolate the phenolic acids from a tobacco leaf extract. Gel chromatographic elution curve (280 nm) for the leaf acids extract on Sephadex LH-20 (same solvent program as Fig. 1 , except that solvent programmed to 40% MeOH I CHCI 3 from GF-100 to 115, and then maintained at that concentration). 
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Our isolation scheme for the phenolic acids of tobacco leaf is shown in Fig. 2 . Briefly, ground, flue-cured, NC 2326 tobacco leaf was treated with aqueous sodium hydroxide to extract free acids or easily hydrolyzed acid derivatives. Fractions A toE were then individually analyzed by GC as their volatile TMS derivatives. Identifications were made by GC retention times, eo-injections with standards, and by GC-MS data. Mass spectra of TMS-standard acids were compared to those of the isolated compounds. Most of the aromatic acids yielded good TMS molecular ions (M+) and M+-15 ions. Aliphatic compounds gave M+-15 ions with virtually no molecular ions, unless a double bond was present in the molecule. Phenolic acids identified in the gas chromatogram of TMS-derivatized fraction A (Fig. 4) included salicylic, vanillic, several isomers of vanillic, cis-and trans-ferulic, caffeic, and cis-und trans-sinapic acids (Table 1) . Table 1 gives the percentages of identified compounds within each fraction (A to E). It is not meant for quantitation of compounds, but is indicative of distribution across the fractions. Several aliphatic compounds were also identified, including C,-and C 5 -hydroxy acids and minor amounts of succinic, fumaric, pimelic, and azaleic acids. A trace of ..
.f. glutaric acid was also found. Two major pe~tks in the chromatogram remain unidentified at present. These compounds gave prominent TMS-mass spectral ions at 147,' 233, 249, and 277, indicating TMS derivatives with a molecular weight of 292. An ion of m/e 147 for a TMS derivative is indicative of two or more TMS groups in a molecule (9) . This indicated that the original molecular weight of the unknown compounds was 148. Possible formulas (assuming minimum requirement of two hydroxyl groups) are C 8 H 4 0 3 , C 7 H 18 0 8 and C 8 H 12 0 4 • Phenolic acids identified in the gas chromatogram of TMS-derivatized fraction B (Fig. 5) included salicylic, m-hydroxybenzoic, p-hydroxyphenylacetic, vanillic, and o-coumaric acids. Also found were cis-and trans-p-coumaric, ferulic, caffeic, and sinapic acids, as well as 2,3-and 3,4-dihydroxybenzaldehydes. Identified aliphatic acids were succinic, fumaric, glutaric, malic, adipic, and pimelic acids (Table 1) . Two large peaks, found to elute very late in the chromatogram of fraction B, were identified as chlorogenic acid and one isomer. Apparently, the dilui:e base solution used in the leaf extraction did not completely hydrolyze the chlorogenic acid to caffeic and quinic acids. The gas chromatogram of TMS-derivatized fraction C (Fig. 6) showed that it contained large amounts of succinic, fumaric, malic, cis-and trans-p-coumaric, and caffeic acids (Table 1) . p-Hydroxybenzoic acid and two dihydroxybenzaldehydes were also found. A compound in the chromatogram of fraction C, which immediately preceded the elution of trans-p-coumaric acid, had the same molecular weight as p-coumaric acid (TMS derivative = 308), but it was not one of the isomers (ortho or meta) of cis-or trans-coumaric acids. Since we had found dihydroxybenzaldehydes, which are isomeric with hydroxybenzoic acids, we felt that, similarly, a dihydroxycinnamaldehyde was present. Therefore, we synthesized the 2,3-, 2,4-, 2,5-, and 3,4-dihydroxycinnamaldehydes, according to Bravo et al. (8) . An aliquot of each reaction mixture was silylated and analyzed directly by GC. Four peaks were observed in each of the chromatograms and when the corresponding compounds were analyzed by GC-MS they proved to be the starting aldehyde, the expected cinnamaldehyde, an unknown compound, and triphenylphosphine oxide. In this manner, we also determined the GC -retention times for the synthesized cinnamaldehydes. On comparison, only the 2,4-and 3,4-dihydroxycinnamaldehydes were found to co-chromatograph with peaks of fraction C. Since 3,4-dihydroxycinnamaldehyde eo-eluted with p-coumaric acid on our packed columns, W,' e used a 38 meter SE-54 capillary column to cleanly separate all of the synthesized dihydroxycinnamaldehydes from the p-coumaric acid. The capillary column separation proved that only the 2,4-dihydroxycinnamaldehyde co-chromatographed with the peak in question. One would have expected the 3,4-isomer to be present in leaf, because several 3,4-dihydroxy compounds such as caffeic acid (3,4-dihydroxycinnamic acid), 3,4-dihydroxybenzoic acid, and 3,4-dihydroxybenzaldehyde were found.
The gas chromatogram of TMS-derivatized fraction D Figure 7 . isomer were still present in relatively large concentrations. An examination of the chromatograms of fractions A-D showed that the cis-isomers of ferulic, p-coumaric, sinapic, and caffeic acids eluted from the gels earlier than the trans-isomers.
Gas chromatogram of TMS-derlvatfzed fraction D (m/e are for TMS derivatives
The gas chromatogram of TMS-derivatized fraction E is given in Fig. 8 . The major component was trans-caffeic acid with minor amounts of citric, 2,5-and 3,4-dihydroxybenzoic, and cis-caffeic acids (Table 1 ) . Upon GC analysis of standard compounds, we found that the six isomeric dihydroxybenzoic acids eluted in three peaks from the OV-17 column. The 2,3-isomer eluted first followed closely by a peak containing the 2,5-and 2,6-isomers, which was followed by the eo-elution of the 2,4-, 3,4-, and 3,5-isomers in one peak. To determine which .,
., . . ..,
..
., isomers were present in the leaf extract, we applied GC-MS analysis. Mass spectral data of the TMS derivatives can be used to differentiate between the dihydroxy isomers that eo-elute {10). One can determine whim of the 2,5-or 2,6-isomers is present by the presence or absence of an ion at m/e 269 in the mass spectrum (Table 2} . The absence of the 269 ion in the mass spectrum of fraction E confirmed that only the 2,5-dihydroxybenzoic acid was present. That is, the GC peak, possibly containing the 2,5-and the 2,6-isomers, did not have a 269 ion, indicative of the 2,6-isomer. Mass spectrometry also confirmed that only the 3,4-isomer was present in the peak where the 2,4-, 3,4-, and 3,5-isomers eo-elute. This was shown by the presence of an ion at m/e 193, whim was also the base peak of the spectrum. The other isomers have virtually no 193 ion in their mass spectra. The 193 ion represents a cyclic rearrangement ion containing a silyl group bridged by oxygens on ortho positions of an aromatic ring. H orvat {11) has shown that the ion appears to be universally formed whenever adjacent hydroxyl groups exist on an aromatic nucleus. He has demonstrated the cyclic ion in mass spectra of dihydroxybenzaldehydes, caffeic acid, gallic acid, and even catemol. The last peak in the mromatogram of fraction E was identified as dihydroxynaphthoic acid, on the basis of the Figure 9 . Partial mass spectra of trlmethylsllylated 3,4-dlhydroxybenzolc acid and dlhydroxynaphtholc acid. following evidence. The partial mass spectrum of trimethylsilylated 3,4-dihydroxybenzoic acid was compared to the spectrum of the peak labeled "dihydroxynaphthoic acid" (Fig. 9 ). In the unknown spectrum, the appearance of ions exactly 50 mass units higher than corresponding ions of the dihydroxybenzoic acid spectrum indicated strongly that the unknown was a dihydroxynaphthoic acid. Further, the appearance of a large ion at m/e 243 (corresponding to the 193 ion of 3,4-dihydroxybenzoic acid) strongly suggested that the phenolic hydroxyl groups were adjacent. The quantitative recovery of phenolic acids in this dtromatographic method was determined with 14 C-salicylic and 14 C-p-hydroxybenzoic acids. Aliquots of the purified compounds (in methanol) were added to a portion of the aqueous NaOH leaf acids extract. The extract was treated as in the isolation smeme and the recovery of the 14 C acids was determined. In the extraction step for total leaf acids, the recoveries of 14 C-salicylic acid and uc-phydroxybenzoic acid were 93.1 and 950/o, respectively. For the gel chromatographic step, we could not determine the recovery of the 14 C-labeled acids in the presence of the extract material, due to interference from fluorescent compounds. However, 14 C-salicylic and 14 C-p-hydroxybenzoic acids, when chromatographed on the gel column separately, resulted in 90.0 and 99.3 °/o recoveries, respectively. Therefore, it appears that the entire procedure is quantitative for these compounds and probably for all of the phenolic acids. This method is now being applied to the maracterization of phenolic acids in a weak acid fraction of cigarette smoke condensate, which has been shown to contain other active compounds, sum as catemols.
SUMMARY
A new chromatographic method utilizing the hydrogen bonding properties of Sephadex LH-20 gel in methanol/ mloroform, was developed for the isolation of phenolic acids. This method was applied to the maracterization of phenolic acids in flue-cured tobacco. Gel mromatography successfully isolated and concentrated the phenolic acids from other acidic substances and allowed identification and quantitation of these compounds by GC and GC-MS, as their trimethylsilyl derivatives. 
